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We discuss the appearance of quark matter in neutron star cores, focussing on the possibility that
the recent observation of a very heavy neutron star could constrain free parameters of quark matter
models. For that, we use the equation of state derived with the Field Correlator Method, extended
to the zero temperature limit, whereas for the hadronic phase we use the equation of state obtained
within both the non-relativistic and the relativistic Brueckner-Hartree-Fock many-body theory. We
find a strong dependence of the maximum mass both on the value of the qq¯ interaction V1, and on
the gluon condensate G2, for which we introduce a dependence on the baryon chemical potential
µB . We find that the maximum masses are consistent with the observational limit for not too small
values of V1.
PACS numbers: 21.65.Qr, 26.60.Kp, 97.60.Jd, 12.38.Aw
————————————————————
I. INTRODUCTION
The appearance of quark matter in the interior of mas-
sive neutron stars (NS) is one of the mostly debated issues
in the physics of these compact objects. Many equations
of state (EoS) have been used to describe the interior
of NS. If we consider only purely nucleonic degrees of
freedom and the EoS is derived within microscopic ap-
proaches [1], it turns out that for the heaviest NS, close
to the maximum mass (about two solar masses), the cen-
tral particle density reaches values larger than 1/fm3. In
this density range the nucleon cores (dimension ≈ 0.5 fm)
start to touch each other, and it is hard to imagine that
only nucleonic degrees of freedom can play a role. On
the contrary, it can be expected that even before reach-
ing these density values, the nucleons start to lose their
identity, and quark degrees of freedom are excited at a
macroscopic level.
Unfortunately it is not straightforward to predict the
relevance of quark degrees of freedom in the interior of
NS for the various physical observables, like cooling evo-
lution, glitch characteristics, neutrino emissivity, and so
on. The value of the maximum mass of NS is probably
one of the physical quantities that is most sensitive to
the presence of quark matter in NS. If the quark mat-
ter EoS is quite soft, the quark component is expected
to appear in NS and to affect appreciably the maximum
mass value. The recent observation of a large NS mass
in PSR J0348+0432 with mass M = 2.01 ± 0.04M⊙ [2]
implies that the EoS of NS matter is stiff enough to keep
the maximum mass at these large values. Purely nucle-
onic EoS are able to accommodate such large masses[1].
Since the presence of non-nucleonic degrees of freedom,
like hyperons and quarks, tends usually to soften consid-
erably the EoS with respect to purely nucleonic matter,
thus lowering the mass value, their appearance would in
this case be incompatible with observations. The large
value of the mass could then be explained only if both
hyperonic and quark matter EoS are much stiffer than
expected. Unfortunately, while the microscopic theory
of the nucleonic EoS has reached a high degree of so-
phistication, the quark matter EoS is poorly known at
zero temperature and at the high baryonic density ap-
propriate for NS. One has, therefore, to rely on models
of quark matter, which contain a high degree of uncer-
tainty. The best one can do is to compare the predictions
of different models and to estimate the uncertainty of the
results for the NS matter as well as for the NS structure
and mass. In this paper we will use two definite nu-
cleonic EoS, which have been developed on the basis of
the Brueckner-Hartree-Fock many-body theory for nu-
clear matter, and the Field Correlator Model (FCM) for
the quark EoS [3], which in principle is able to cover
the full temperature-chemical potential plane. The FCM
EoS contains ab initio the property of confinement, which
is expected to play a role as far as the stability of a neu-
tron star is concerned [4], at variance with other models
like, e.g., the Nambu–Jona-Lasinio model. In a previ-
ous paper [5] we analyzed the EoS of the quark mat-
ter in the FCM (for a review see [3]), and found that
the model could be tested against NS observations, and
these could seriously constrain the parameters used in the
model. It was shown that this approach admits stable NS
with gravitational masses slightly larger than 1.44 M⊙,
thus providing numerical indications on some relevant
physical quantities, such as the gluon condensate. In the
present paper, we elaborate further on this idea, and ex-
plore the dependence of the model on the qq¯ potential V1
and, moreover, the dependence of the gluon condensate
G2 on the baryon chemical potential µB. The observa-
tion of a very large neutron star mass [2] can be used to
put constraints on these two parameters.
This paper is organized as follows : in the next Section
the FCM at finite temperature and density is briefly re-
called, with an extensive discussion of the model param-
2eters, while Sec.III contains some details of the EoS for
the hadronic phase. In Sec.IV the hadron-quark phase
transition is illustrated and the results of our analysis
are presented in Sec.V. Finally, Sec.VI is devoted to the
conclusions.
II. QUARK MATTER: EOS IN THE FIELD
CORRELATOR METHOD
The approach based on the FCM provides a natural
treatment of the dynamics of confinement in terms of
the Color Electric (DE and DE1 ) and Color Magnetic
(DH and DH1 ) Gaussian correlators, being the former
one directly related to confinement, so that its vanish-
ing above the critical temperature implies deconfinement
[3]. The extension of the FCM to finite temperature T
and chemical potential µq = 0 gives analytical results
in reasonable agreement with lattice data thus allowing
to describe correctly the deconfinement phase transition
[6–11]. In this work, we are interested in the physics of
neutron stars, and therefore the extension of the FCM
to finite values of the chemical potential [7, 8] allows to
obtain the Equation of State of the quark-gluon matter
in the range of baryon density typical of the neutron star
interiors.
Within the FCM, the quark pressure for a single
flavour is simply given by [7, 8, 11]
Pq/T
4 =
1
π2
[φν(
µq − V1/2
T
) + φν(−µq + V1/2
T
)] (1)
where
φν(a) =
∫ ∞
0
du
u4√
u2 + ν2
1
(exp [
√
u2 + ν2 − a] + 1) . (2)
being ν = mq/T , and V1 the large distance static qq¯
potential:
V1 =
∫ 1/T
0
dτ(1 − τT )
∫ ∞
0
dχχDE1 (
√
χ2 + τ2) (3)
The potential V1 in Eq.(3) is assumed to be independent
on the chemical potential, and this is partially supported
by lattice simulations at very small chemical potential
[8, 12]. We elaborate more on this point in the following
subsection.
The EoS is completely specified once the gluon contri-
bution is added to the quark pressure, i.e.
Pg/T
4 =
8
3π2
∫ ∞
0
dχχ3
1
exp (χ+ 9V18T )− 1
(4)
and therefore
Pqg = Pg +
∑
j=u,d,s
P jq +∆ǫvac (5)
where Pq and P
j
g are respectively given in Eq. (1) and
(4), and
∆ǫvac ≈ −
(11− 23Nf )
32
G2
2
(6)
corresponds to the difference of the vacuum energy den-
sity in the two phases, being Nf the flavour number.
G2 is the gluon condensate whose numerical value, de-
termined by the QCD sum rules, is known with large
uncertainty [13]
G2 = 0.012± 0.006 GeV4 (7)
Therefore the EoS in Eq.(5) essentially depends on two
parameters, namely the quark-antiquark potential V1 and
the gluon condensate G2. In addition, at finite tempera-
ture and vanishing baryon density, a comparison with the
available lattice calculations of the Wuppertal-Budapest,
[14, 15], and hotQCD collaborations, [16–18], provides
clear indications about the specific values of these pa-
rameters, and in particular their values at the critical
temperature Tc. These estimates are related to the cor-
responding values of the parameters at T = µB = 0
which, in turn, can be used as an input to study the EoS
at T = 0 and finite µB.
A. The V1 and G2 parameters
In ref.[7] the EoS at zero baryon density has been
derived, by explicitly assuming a temperature depen-
dence of the gluon condensate G2 as found in lattice
simulations [19, 20], namely an almost constant G2(T )
for 0 < T < Tc, with a sudden drop around Tc to
one half of its value, followed by the constant behavior
G2(T ) = G2(T = 0)/2, for T > Tc. In addition, an indi-
cation on the value of V1(Tc) has been extracted in [21],
starting from the expression of the critical temperature
obtained in [7, 8]
Tc =
a0G
1/4
2
2
(
1 +
√
1 +
V1(Tc)
2a0G
1/4
2
)
, (8)
where a0 = (3π
2/768)1/4. In fact, once the values of
G2 and Tc are fixed, one immediately gets V1(Tc) from
Eq. (8), and in ref. [21] it has been shown that, for
G2(T = 0) = 0.012GeV
4, the critical temperatures
found in [14, 17], respectively Tc = 147 ± 5 MeV and
Tc = 154 ± 9 MeV, correspond to rather small val-
ues of V1 (V1(Tc) . 0.15 GeV), while the optimum value
indicated in [8], V1(Tc) = 0.5 GeV, reproduces those tem-
peratures for small values of G2, i.e. G2 ≃ 0.004GeV4.
However, one should recall that Eq.(8) is not extremely
accurate, being obtained by neglecting the hadron pres-
sure at the transition, which in [8] is estimated as a 10%
uncertainty. Hence a check of the EoS focused on the
critical point T = Tc only, could be too restrictive, as the
numerical data on lattice cover a large temperature range
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FIG. 1: The interaction measure (ǫ − 3p)/T4 as a function of the temperature as obtained in the FCM for three values of c0
in Eq. (9) : c0 = 0.07, 0, −0.05 GeV (respectively: dashed (red), solid (green) and dot-dashed (brown) curve), compared with
the lattice data of ref. [15] (orange circles) and ref. [16] (black , diamonds).
above Tc. For that, we compare in Fig.1 the predictions
of the FCM with the available lattice data around and
above the critical temperature. In Fig.1 we concentrate
on the interaction measure (ǫ − 3p)/T 4, which is partic-
ularly significant because it depends both on the energy
density and on the pressure of the system and shows,
around the critical temperature, large deviations from
zero, i.e. the value of the interaction measure of a free
gas of massless particles. The predictions of the FCM are
checked against the lattice data for different parametriza-
tions of V1(T ), and also for constant V1 = 0.01GeV and
V1 = 0.1GeV. From Fig. 1 it is evident that these two
constant values are too small, and higher values of V1
must be considered. As suggested in ref.[8], we took
V1(T ) = c0+V1
(
T
Tc
)
= c0+0.175
(
1.35
T
Tc
− 1
)−1
GeV
(9)
with respectively c0 = 0.07, 0, −0.05 GeV (correspond-
ing to V1(Tc) = 0.57, 0.5, 0.45 GeV ). The results,
displayed by the dashed (red), solid (green) and dot-
dashed (brown) curves, show a much better agreement
with the data, and in particular the dashed (red) curve
with V1(Tc) = 0.57 GeV gives a good fit to the data
of [15], represented by full circles (orange), whereas
V1(Tc) = 0.45 is preferable for the data in [16] from
the hotQCD collaboration, and shown as full diamonds
(black). However, we warn that, more recently, also
the hotQCD collaboration is converging toward a smaller
peak for (ǫ − 3P )/T 4 close to the Wuppertal-Budapest
one as presented in [18].
This check shows that the analysis of the whole set
of lattice data points toward a value of V1(Tc) around
0.5− 0.6 GeV while, as noticed above, the simple deter-
mination of the critical temperature Tc with reasonable
values of G2 would suggest smaller V1(Tc). The value
of the potential at T = 0, which is essential, for the
study of NS structure, has been computed in [21] as a
function of V1(Tc), by making use of Eq. (3), under the
assumption of a temperature independent DE1 in the re-
gion 0 < T < TC [20], obtaining V1(T = 0) ≃ 0.8 ÷ 0.9
GeV in correspondence of V1(Tc) = 0.5 GeV.
It is important to notice that there is no direct relation
of these values with the potential at finite µB. One would
expect that an increasing baryon density could produce
a screening effect that reduces the intensity of the quark-
antiquark potential, and at large density the quark-quark
interaction should become more and more relevant. In
our analysis we choose to keep V1 as a free parameter,
and check what kind of indications on V1 can be extracted
from the determination of the maximum mass of neutron
stars.
Let us now turn to the other parameter of the FCM
model, namely the gluon condensate G2. As mentioned
above, G2(T ) at zero baryon density has been computed
on lattice [19, 20] but, due to technical difficulties, analo-
gous calculations in full QCD at large µB are precluded.
Therefore we have to resort to different approaches to get
some indications on the gluon condensate at µB 6= 0. In
particular, the QCD sum rules technique has been used
to study some hadronic properties within a nuclear mat-
ter environment at T = 0 [22], and it has been found that
the gluon condensate decreases linearly with the baryon
density ρB (mN indicates the neutron mass)
G2(ρB)−G2(ρB = 0) = −mNρB +O(ρ2B) . (10)
Further analysis [23, 24] show that the corrections to Eq.
(10), even when including nonlinear effects, are substan-
tially small and can be neglected for our purposes. Ac-
cording to this decreasing trend, the gluon condensate
vanishes at some value of the baryon density and, as no-
ticed in [24] one expects that a transition to the decon-
fined state should occur before reaching this point.
4Once the behaviour of the condensate below the transi-
tion is given in Eq. (10), we still need to establishG2(µB)
at higher values of the baryon chemical potential to pro-
ceed in our analysis. Rather than following the simplest
choice of taking an effective µB-independent G2, which
was adopted in [5, 21], we prefer to retain Eq. (10) at
lower densities and, at the same time, to follow the in-
dications proposed in [25, 26] at higher density. In fact,
in [25, 26] it is suggested that G2(µB) in full three-color
(Nc = 3) QCD, has the same qualitative behavior of the
corresponding variable in two-color (Nc = 2) QCD. In
this case many technical problems that affect the theory
with Nc = 3, are absent and, in particular, the modifica-
tion of the gluon condesate at finite chemical potential,
namely the difference fCS(µ) = G2(µ) − G2(0), is com-
puted from the energy momentum tensor of an effective
chiral lagrangian with the following result:
fCS(µ) = 4f
2
π(µ
2 −M2)
(
1− M
2
µ2
)
(11)
whereM is identified with the pion mass. Eq. (11) shows
an initial decrease which, after reaching a minimum, is
followed by a continuous growth. This trend is under-
stood with the appearance of a weakly interacting gas
of diquarks, whose pressure is negligible if compared to
its energy density, which mostly comes from diquark rest
mass. Accordingly, the gluon condensate, that is related
to minus the trace energy momentum tensor, decreases
with µB. Only at sufficiently large chemical potential
the contribution of the diquarks on the pressure becomes
approximately equal to energy density and the growth of
the gluon condensate is observed. This result is also con-
sistent with lattice calculations [27, 28] which can be car-
ried out for Nc = 2. Finally in [25, 26] it is claimed that
the color superconducting (CS) phase in the Nc = 3 the-
ory should qualitatively reproduce the picture described
above, and Eq. (11) does still hold, provided that in this
case one takes M ∼ 2ΛQCD and µ is identified with the
quark chemical potential : µ = (1/3)µB.
Therefore we have put together the two curves of the
gluon condensate at low and at high values of µB, given
respectively in Eqs. (10) and (11), and selected G2(µB)
as the solid (red) line displayed in Fig. 2. More precisely,
in Fig. 2 the dashed (green) and the dot-dashed (blue)
lines respectively correspond to Eq. (10) (where G2(ρB)
is reparametrized in terms of G2(µB)) and Eq. (11).
Then, by crudely assuming that the transition point lies
close to the intersection point of these two curves, we
parametrized G2(µB) through an effective analytic ex-
pression, the solid (red) line, which approximates Eq.
(10) at low µB and Eq. (11) at higher µB. This an-
alytic form avoids a discontinuity in the derivative of
G2(µB) at the intersection of the two curves that could
produce unphysical features when computing the pres-
sure or the energy density of the system. In Fig. 2 the
value of the condensate at zero chemical potential is taken
G2(µB = 0) = 0.012 GeV
4.
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FIG. 2: G2(µB) as obtained from Eq. (10) (green dashed) and
Eq. (11) (blue dot-dashed) with G2(µB = 0) = 0.012 GeV
4.
The solid (red) line is the effective approximation used in our
analysis. (see text).
III. HADRONIC PHASE: EOS IN THE
BRUECKNER-BETHE-GOLDSTONE THEORY
In this section we remind briefly the BHF method
for the nuclear matter EoS. This theoretical scheme is
based on the Brueckner-Bethe-Goldstone (BBG) many-
body theory, which is the linked cluster expansion of
the energy per nucleon of nuclear matter (see Ref.[29],
chapter 1 and references therein). In this many-body
approach one systematically replaces the bare nucleon-
nucleon (NN) interaction V by the Brueckner reaction
matrix G, which is the solution of the Bethe-Goldstone
equation
G(ρ;ω) = V + V
∑
kakb
|kakb〉Q〈kakb|
ω − e(ka)− e(kb)G(ρ;ω), (12)
where ρ is the nucleon number density, ω is the starting
energy, and |kakb〉Q〈kakb| is the Pauli operator. e(k) =
e(k; ρ) = ~
2
2mk
2+U(k; ρ) is the single particle energy, and
U is the single-particle potential,
U(k; ρ) =
∑
k′≤kF
〈kk′|G(ρ; e(k) + e(k′))|kk′〉a (13)
The subscript “a” indicates antisymmetrization of the
matrix element. In the BHF approximation the energy
per nucleon is
E
A
(ρ) =
3
5
~
2 k2F
2m
+D2 , (14)
D2 =
1
2A
∑
k,k′≤kF
〈kk′|G(ρ; e(k) + e(k′))|kk′〉a (15)
5The nuclear EoS can be calculated with good accuracy
in the Brueckner two hole-line approximation with the
continuous choice for the single-particle potential, since
the results in this scheme are quite close to the calcu-
lations which include also the three hole-line contribu-
tion. However, as it is well known, the non-relativistic
calculations, based on purely two- body interactions, fail
to reproduce the correct saturation point of symmetric
nuclear matter and one needs to introduce three- body
forces (TBFs). In our approach the TBF’s are reduced
to a density dependent two-body force by averaging over
the position of the third particle [30]
In this work we choose the Argonne v18 nucleon-
nucleon potential [31], supplemented by the so-called Ur-
bana model [32] as three-body force. This allows to re-
produce correctly the nuclear matter saturation point
ρ0 ≈ 0.17 fm−3, E/A ≈ −16 MeV, and gives values
of incompressibility and symmetry energy at saturation
compatible with those extracted from phenomenology
[33]. For completeness we will show results obtained with
the relativistic counterpart, i.e. the Dirac-Brueckner-
Hartree-Fock scheme [34] where the Bonn A potential
is used as NN interaction. In the low density region
(ρ < 0.3 fm−3), both BHF+TBF binding energies and
DBHF calculations are very similar, whereas at higher
densities the DBHF is slightly stiffer [1]. The discrep-
ancy between the nonrelativistic and relativistic calcula-
tion can be easily understood by noticing that the DBHF
treatment is equivalent to introducing in the nonrela-
tivistic BHF the three-body force corresponding to the
excitation of a nucleon-antinucleon pair, the so-called Z-
diagram [35], which is repulsive at all densities. On the
contrary, in the BHF treatment both attractive and re-
pulsive three-body forces are introduced, and therefore a
softer EoS is expected.
We remind that the BBG approach has been extended
to the hyperonic sector in a fully self-consistent way
[36, 37], by including the Σ− and Λ hyperons, but in this
paper we consider stellar matter as composed by neu-
trons, protons, and leptons in beta equilibrium [30]. The
chemical potentials of each species are the fundamental
input for solving the equations of chemical equilibrium,
charge neutrality and baryon number conservation, yield-
ing the equilibrium fractions of all species. Once the com-
position of the β-stable, charge neutral stellar matter is
known, one can calculate the equation of state, i.e., the
relation between pressure P and energy density ǫ as a
function of the baryon density ρ. It can be easily ob-
tained from the thermodynamical relation
P = −dE
dV
= PB + Pl (16)
PB = ρ
2 d(ǫB/ρ)
dρ
, Pl = ρ
2 d(ǫl/ρ)
dρ
(17)
with E the total energy and V the total volume. The
total nucleonic energy density is obtained by adding the
energy densities of each species ǫi. As far as leptons are
concerned, at those high densities electrons are a free ul-
-200
0
200
400
600
800
1000
1200
1400
P 
(M
eV
/fm
3 )
BHF
DBHF
V1=0.01 GeV
V1=0.1 GeV
V1=0.2 GeV
V1=0.3 GeV
1200 1600 2000 2400
µB (MeV)
0
0.5
1
1.5
ρ B
 
(fm
-
3 )
FIG. 3: The pressure P is displayed vs. the baryon chemical
potential in the upper panel, whereas in the lower panel the
baryon density is shown for different values of V1 in the FCM
model. The EoS’s for the hadronic phase are represented by
the solid line (brown color) for the BHF, and for the DBHF
(dashed yellow curve) EoS’s.
trarelativistic gas, whereas muons are relativistic. Hence
their energy densities ǫl are well known from textbooks
[38]. The numerical procedure has been often illustrated
in papers and textbooks [38], and therefore it will not be
repeated here.
IV. THE HADRON-QUARK PHASE
TRANSITION
We are now able to compare the pressure of the two
phases, namely the pressure in the hadronic phase given
in Eqs.(16)-(17), and the quark pressure shown in Eq.(5).
We adopt the simple Maxwell construction, by assuming
a first order hadron-quark phase transition [39] in beta-
stable matter. The more general Gibbs construction [40]
is still affected by many theoretical uncertainties [41],
and in any case the final mass-radius relation of massive
neutron stars [42] is slightly affected.
We impose thermal, chemical, and mechanical equi-
librium between the two phases. This implies that the
phase coexistence is determined by a crossing point in the
pressure vs. chemical potential plot, as shown in Fig. 3.
There we display the pressure P (upper panel) and the
baryon density (lower panel) as function of the baryon
chemical potential µB for the baryonic and quark matter
phases. The hadronic EoS’s are plotted as solid (brown,
BHF), and dashed (orange, DBHF) curves, whereas sym-
bols are the results for quark matter EoS in the FCM
and different choices of V1. We observe that the cross-
ing points are significantly affected by the chosen value
of the potential V1. Moreover, with increasing V1, the
onset of the phase transition is shifted to larger chemical
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FIG. 4: The pressure P is displayed vs. the baryon den-
sity for different values of V1 in the FCM model. In the left
(right) panel calculations are shown when the BHF (DBHF)
approach is used for the hadronic phase.
potentials. Hence, we expect that the neutron star will
possess a thicker hadronic layer with increasing V1.
In Fig.4 we display the total EoS, i.e. the pres-
sure as a function of the baryon density for the several
cases discussed above. In particular we plot in the left
panel the EoS obtained by using the BHF approach for
the hadronic phase, whereas in the right panel calcu-
lations are shown for the case when the DBHF EoS is
adopted. The several curves represent different choices of
the qq¯ potential V1. The plateaus are consequence of the
Maxwell construction. Below the plateau, β-stable and
charge neutral stellar matter is in the purely hadronic
phase, whereas for density above the ones characteriz-
ing the plateau, the system is in the pure quark phase.
The main features of the phase transition are displayed
in Table I, where we report for a fixed hadronic EoS and
several values of the qq¯ potential V1, the baryonic chemi-
cal potential at the transition µtrB , and the corresponding
baryon density ρtr in units of the saturation density ρ0,
and the gluon condensate Gtr2 . We see that, whenever the
transition takes place at µB . 1.2 GeV , i.e. below the
minimum shown in Fig.2, the pressure P shows a kink as
a function of the baryon density, and this is due to the
particular parametric form of the gluon condensate G2
shown in Fig.2. The presence of a kink gives unstable
neutron stars configurations, as it will be shown in the
next Section.
V. RESULTS AND DISCUSSION
The EoS is the fundamental input for solving the well-
known hydrostatic equilibrium equations of Tolman, Op-
penheimer, and Volkoff [38] for the pressure P and the
TABLE I: Properties of the hadron-quark phase transition.
V1(GeV) µ
tr
B (GeV) ρ
tr/ρ0 G
tr
2 (GeV
4)
0.01 0.986 1.22 0.0048
BHF 0.1 1.606 5.51 0.0046
0.2 2.09 7.33 0.0109
0.3 2.408 8.4 0.0165
0.01 0.987 1.17 0.0047
DBHF 0.1 1.14 2.26 0.0023
0.2 1.89 5.29 0.0079
0.3 2.24 6.31 0.0165
enclosed mass m
dP (r)
dr
= −Gm(r)ǫ(r)
r2
[
1 + P (r)ǫ(r)
][
1 + 4πr
3P (r)
m(r)
]
1− 2Gm(r)r
,(18)
dm(r)
dr
= 4πr2ǫ(r) , (19)
being ǫ the total energy density (G is the gravitational
constant). For a chosen central value of the energy den-
sity, the numerical integration of Eqs. (18) and (19) pro-
vides the mass-radius relation. For the description of
the neutron star crust, we have joined the equations of
state above described with the ones by Negele & Vau-
therin [43] in the medium-density regime, and the ones
by Baym, Pethick, & Sutherland [44] for the outer crust
(ρ < 0.001 fm−3), and Feynman, Metropolis, & Teller
[45]. In Fig.5 we display the gravitational mass (in units
of solar mass M⊙ = 2 × 1033g) as a function of the ra-
dius R (left panel) and the corresponding central baryon
density, normalized with respect to the saturation value
(right panel). Stellar configurations have been obtained
using the BHF EoS for the hadronic phase. The orange
band represents the recently observed neutron star PSR
J0348+0432 with mass M = 2.01±0.04 M⊙ [2]. We have
marked the stable configurations by thick lines, whereas
full symbols denote the maximum mass. Unstable config-
urations are displayed by thin lines. Among the unsta-
ble configurations, we signal those characterized by in-
creasing mass and decreasing central density, which are
related to the appearance of the kink in the EoS, as an-
ticipated in Sect.IV. In Table II we display the values
characterizing the maximum mass, i.e. the central den-
sity (in units of ρ0) and the corresponding value of the
gluon condensate G2 whenever the core contains quark
matter. Those configurations are stable and the mass
values are denoted by an asterisk. We see that the max-
imum value spans over a range between 1.69 and 2.03
solar masses, depending on the value of the qq¯ potential
V1. However, the observational data indicate that values
of V1 as small as 0.01 GeV are excluded, and that values
of about 0.1 GeV are only marginally compatible with
the observational data. Larger values of V1 produce in-
creasing maximum masses, but the stable stars are in the
purely hadronic phase. We found that V1 ≈ 0.095 GeV
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FIG. 5: The mass-radius (left panel) and the mass-central
density relation (right panel) are displayed for different values
of V1 and the BHF hadronic EoS. The full symbols denote
the value of the maximum mass. Stable configurations are
displayed by thick lines, whereas thin lines indicate unstable
configurations. G2 is dependent on µB . (see text for details).
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FIG. 6: Same as Fig.5 but with DBHF EoS used for the
hadronic phase. The full symbols denote the value of the
maximum mass. (see text for details).
is the largest value which produces stable neutron stars
with a quark core.
Similar results are displayed in Fig.6, where the DBHF
EoS is used for the hadronic phase, with the same nota-
tions and coding adopted in Fig. 5. Also in this case the
observational data indicate that values of V1 as small as
0.01 GeV are excluded, and that values of about 0.1 GeV
are only marginally compatible with the observational
data. This is due to the fact that for V1 = 0.1 GeV
the phase transition takes place over a range of densities
where both BHF and DBHF EoS’s show a similar behav-
ior, but in the latter case a stable quark matter phase is
produced, as can also be deduced from the asterisks re-
ported in Table II.
By increasing the value of V1, the value of the maxi-
mum mass increases, but the stability of the pure quark
TABLE II: Properties of maximum mass configurations. As-
terisks denote stable hybrid stars with pure quark matter core.
V1(GeV) Mmax/M⊙ ρc/ρ0 G
c
2(GeV
4)
0.01 1.69* 9.23 0.0042
BHF 0.1 1.95 5.47 −
0.2 2.03 7.24 −
0.3 2.03 7.24 −
0.01 1.69* 9.23 0.0042
DBHF 0.1 1.95* 5.88 0.0023
0.2 2.31 5.29 −
0.3 2.31 5.59 −
phase is lost, as shown in both Figs.5 and 6 by the cuspids
in the mass-radius relation, and the maximum mass con-
tains in its interior at most a mixed quark-hadron phase.
The maximum mass can increase well above the observa-
tional limit with increasing the value of V1, but hybrid
stars will be mainly in the hadronic phase. We found
that V1 ≈ 0.12 GeV is the largest value which produces
stable neutron stars with a quark core if the DBHF EoS
is used for the hadronic phase.
Therefore, generally speaking we can conclude that
this model gives values of the maximum mass in agree-
ment with the current observational data if V1 &
0.1 GeV. We remind the reader that those calculations
have been performed assuming a dependence of the gluon
condensate G2 on the baryon chemical potential µB. For
comparison, we show in Fig.7 the dependence of the max-
imum mass on the value of a constant G2, which was
discussed in our previous paper [5]. There are some dif-
ferences, mainly when a small value of V1 = 0.01 GeV
is used. In fact, in this case the value of the maximum
mass is compatible with observational data only if a stiff
EoS for the hadronic phase is adopted and, at the same
time, sufficiently large values of G2 are selected. With
increasing V1, the value of the maximum mass increases,
no matter the EoS for the hadronic phase, as already dis-
played in Figs. 5 and 6with G2 dependent on µB . Still,
the BHF EoS is only marginally compatible with the data
whereas the DBHF points lie well above the observed NS
masses. We also notice that, already at V1 = 0.1 GeV
and more evidently at V1 = 0.2 GeV, the values of Mmax
collected in Fig. 7 are essentially independent of G2, thus
indicating that the quark matter appears only after the
hadronic branch has reached its maximum, Mmax, so that
the corresponding star has no quark matter content.
VI. CONCLUSIONS
In this paper we have studied the effects of the ap-
pearance of a quark matter core in NS, with the cor-
responding quark-gluon EoS derived in the framework
of the FCM and with a suitable parametrization of the
gluon condensate in terms of the baryon chemical poten-
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FIG. 7: The maximum mass, in units of the solar mass M⊙,
is displayed vs. the gluon condensate G2. G2 is independent
on µB .
tial, as suggested by the analysis of this variable for the
theory with Nc = 2, where G2(µB) turns out to be a
decreasing function at small µB and increasing at larger
µB. The inclusion of a density dependent gluon conden-
sate is motivated by the expectations of some significant
effect related to the onset of a superconductive phase
at large density, which could be hidden by the use of a
constant G2. Therefore, the absence of indications com-
ing from lattice simulations at finite µB in the theory
with Nc = 3, has forced us to resort to the only sugges-
tion available on the behaviour of G2(µB). Clearly these
comments put some limits on the quantitative accuracy
of the gluon condensate parametrization here adopted,
which however should be regarded just as a qualitative
description that could signal potential flaws of the sim-
pler picture obtained by retaining constant G2.
The same kind of problem shows up for the other pa-
rameter entering the quark matter EoS, namely V1, that
is expected to decrease when µB grows, because of the
screening of the quark-antiquark interaction due to the
increasing density. In this case we have no quantitative
indication about its µB dependence, except for the sug-
gestion, given in [11], that V1 is substantially µ inde-
pendent at least for µ ≈ 0. Therefore we performed our
analysis at various constant values of the potential V1.
Our results are collected in Figs. 5 and 6 and Table II
and they indicate that, with the adopted parametrization
of G2(µB), it is necessary to have V1 & 0.1 GeV in order
to achieve Mmax ≈ 2M⊙. For larger V1, Mmax increases
but no pure quark phase is present in the core of the NS
already for V1 & 0.12 GeV and, beyond 0.3 GeV, Mmax
does not grow any more. Its value only depends on the
particular hadronic EoS chosen. This picture is a sub-
stantial refinement of the results found in [5] where only
vanishing or very small of V1 were considered. In fact
it was observed that Mmax grows both with V1 and G2
and in particular it was found Mmax = 1.78M⊙ at con-
stant G2 = 0.012 GeV
4 and V1 = 0.01 GeV, which was
consistent with the NS masses measured until then, but
cannot explain the more recent measurements. In addi-
tion, in [5], the disappearance of the pure quark phase
when increasing G2, was noticed as well.
Analogous results are also obtained in [21] for constant
G2, but in this case larger values of Mmax are obtained
because the chosen hadronic EoS, based on the relativis-
tic mean field model, is considerably stiffer than the one
adopted in this paper.
A final comment on the potential V1 is in order. As
already noticed, our analysis shows that the observed NS
masses require values larger than 0.1 GeV while above 0.3
GeV the quark phase is no longer relevant in the deter-
mination of the maximum NS mass. These characteristic
values of V1 are much smaller than those coming from the
analysis shown in Sec. II A on the lattice data at µB = 0
around and above the critical temperature, which, when
extrapolated to T = 0, yield V1(T = µB = 0) = 0.8÷ 0.9
GeV. This is to be taken as a clear indication that the
long distance potential is indeed sensitive to the increase
of density that induces a screening effect. However we
also expect that when µB grows, the quark population in-
creases with respect to the antiquark, so that the quark-
quark interaction becomes more and more relevant, and
eventually it is conceivable that it becomes predominant
with respect to the quark-antiquark interaction. Accord-
ing to this point one could imagine to replace the singlet,
V1, with the antitriplet, V3 and sextet V6 interactions,
whose relative weights with respect to V1 are respectively
(1/2) and (−1/4). This leads to an effective interac-
tion whose strength is about (1/4) of the original one,
V1(T = µB = 0), so that this extremely simplified pic-
ture does nevertheless predict a value of the effective in-
teraction at large baryon density ( around 0.2 GeV), that
is compatible with the relevant range of V1 suggested by
our analysis.
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